Abstract: This paper analyzes the ultrasonic modulation of coherent light in Raman-Nath acousto-optic diffraction. We find that the frequency shifts of the diffracted light cause the periodic variation of the ultrasound-modulated light intensity with time. Additionally, the phase shifts of the diffracted light result in the periodic variation of the ultrasound-modulated light intensity along the ultrasound beam.
Introduction
Ultrasound-Modulated optical tomography is a hybrid technique that combines ultrasound and optics [1] - [8] . In the tomography, an ultrasound wave is focused into a medium to modulate coherent light passing through the ultrasonic field. The ultrasonic modulation causes the intensity of coherent light escaping from the ultrasonic field to vary periodically with the ultrasonic frequency. The light of which the intensity varies periodically with the ultrasonic frequency is called the ultrasound-modulated light. This temporal variation has been considered to be due to the optical phase modulation resulting from the ultrasound-induced displacement of scatterers and the ultrasonic modulation of the refractive index in the ultrasonic field [1] - [8] . The optical phase modulation means that the optical path of the incident light in the ultrasonic field is modulated by the ultrasound. Consequently, optical phase modulation has been considered to be the effect responsible for the periodic variation of the ultrasound-modulated light intensity with time [1] - [8] .
In an optically transparent medium, ultrasonic action produces a travelling phase-grating, which causes diffractions of incident light [9] - [14] . The diffractions are divided into two distinct diffraction types: Raman-Nath and Bragg diffractions. Traditionally, the type of diffraction is determined by the conditions Q << 1 and Q >> 1, respectively [9] , [12] , [13] . The Q is the Klein Cook parameter. Here, only Raman-Nath diffraction (RNd) is concerned. The features of RNd are short interaction length and multi-order diffractions; therefore, RNd has been still considered as a moving thin phase grating diffraction [9] - [14] . In RNd, the ultrasonic action causes frequency and phase shifts of the diffracted light.
This paper studies the ultrasonic modulation of coherent light in Raman-Nath diffraction (RNd). Our theoretical and experimental studies show that the frequency shifts of the diffracted light cause also the periodic variation of the ultrasound-modulated light intensity with time. They also show that the phase shifts of the diffracted light result in the periodic variation of the ultrasound-modulated light intensity along the ultrasound beam.
Theory
The RNd ultrasonic modulation to be considered here is two-dimensional, as seen in Figure 1 . An idealized longitudinal ultrasound wave traveling in the Y-direction with angular frequency ω μ is contained between the planes z = 0 and z = l in an optically transparent medium of refractive index n 0 . A plane light wave of unit amplitude is assumed to impinge upon the acoustically produced grating along the Z-axis. The temporal and spatial modulation of the refractive index in the ultrasonic field can then be written as [4] - [6] , [9] - [12] 
where n is the amplitude of the refractive index change and v is the ultrasound velocity in the medium. The incident light entering the ultrasonic field will be diffracted, with the qth-order diffracted light Eq(t, y, l) obeying [4] - [6] , [9] - [12] 
where q is an integer, ϕ = k nl, J q () denotes the qth-order Bessel function, ω is the angular frequency of the incident light, and k is the wave vector of the incident light in vacuum. From Eq. (2), the qth-order diffracted light is frequency-shifted by qω μ and phase-shifted by qω μ y/v [9] - [14] To show the periodic variation of the ultrasound-modulated light intensity along the ultrasound beam, only the ultrasound-modulated light coming from a defined region in the ultrasonic field is collected. This region, centered at (0, y, 0), is assumed to be a rectangle with lengths 2a and 2d along the X-and Y-directions, respectively.
Considering the collection of only the zero-and first-order light diffracted from the defined region, the collected light intensity is given by Eq. (3)
which shows that the collected light intensity is a function of cos[ ω μ (t − y/v)] and, therefore, varies periodically with time and along the Y-direction (the direction of the ultrasound beam). Additionally, the optical frequency shifts are responsible for the periodic variation of the collected light intensity with time. The optical phase shifts are then responsible for causing the periodic variation of the collected light intensity along the ultrasound beam. The amplitude of the collected light intensity A 01 can be written as
Considering the collection of only the qth and (q + 1)th-order light diffracted from the defined region, the collected light intensity is given by Eq. (5)
which shows that the collected light intensity is also a function of cos [ω μ (t − y/v)], and therefore varies periodically both with time and along the Y-direction. Finally, considering the collection of all orders of light diffracted from the defined region, the collected light intensity is given by Eq. (6), where p is an integer.
According to Eq. (3), Eq. (6) can be simplified to
where M q is a constant. Note that the collected light intensity is also a function of cos [qω μ (t − y/v)] and, therefore, varies periodically both with time and along the Y-direction. Note further that the intensity signals can be considered to be composed of a series of cosine signals with frequencies that are integer multiples of the ultrasonic frequency.
Experiment
To verify the above analysis, an experimental setup with two rectangular slits was used (see Figure 2 ). Slit R1 measured 15 mm along the X-direction, and could be adjusted along the Ydirection. Slit R2 measured 15 mm along the Y-direction, and approximately 1 mm along the X-direction. A convex lens was also used, with focal length of 150 mm and 25-mm aperture. A function generator was used to create a sinusoidal electrical signal, which was then applied to an unfocusing transducer to generate a continuous ultrasound wave with a frequency of 1.71 MHz. The ultrasound beam, with a diameter of 1.7 cm, propagated into distilled water along the Y-direction. The distances from the central axis of the ultrasound beam to the lower and left surfaces of the tank were approximately 3.5 cm and 2.5 cm, respectively. The tank, whose dimensions were 7.0, 9.0, and 5.0 cm along the X-, Y-, and Z-directions, respectively, contained 270 ml of distilled water. A 630-nm laser light with a 4-mm diameter was focused into a collimator with an incident small hole with a diameter of 0.05 mm and then irradiated the tank. The distance from the collimator to the tank was approximately 3.0 cm. The light wave escaping from the collimator becomes a plane light beam with a 2-cm diameter. The optical signal escaping from the tank and then passing through R2, C, and R1 was collected by a photomultiplier (PMT) with a rectangular incident window. The distances from R2 to the tank and C were approximately 3.0 cm and 2.0 cm, respectively. The distances from R1 to C and the PMT were 150 mm. The diffracted light escaping from C converged to the focal plane of C. The rectangular incident window was 2.0 mm along the X-direction and could be adjusted along the Y-direction. The optical signal coming from the PMT was read by an oscilloscope, after being amplified. The PMT could be moved in the Y-direction. The electrical signal exciting the transducer was also read with an oscilloscope, and was chosen as reference. An ultrasonic absorber was placed behind the distilled water. The value of Q [9] , [13] was approximately 0.069, and therefore, the optical diffraction was RNd. Additionally, because the ultrasound beam was columnar, R2 was used, so that the interaction length of the ultrasound and the collected light could be considered to be the same. The ultrasonic wavelength in distilled water was of only 0.854 mm; therefore, the ultrasound wave (1.7-cm diameter) could be approximately considered as a plane wave. Finally, the incident window of the PMT was setup so that only the diffracted light coming from a region in the ultrasonic field was collected.
Because the ultrasound beam was columnar, the interaction length l of the ultrasound and the collected light is a function of x. However, according to Eqs. (3), (5) and (6), the temporal and spatial variations of the collected light intensity were not dependent on x. Consequently, the optical diffraction of R2 along the X-direction can be ignored when showing the temporal and spatial variations. To collect the diffracted light, both C and R1 were used. The diffracted light escaping from R2 was made to converge onto the plane of R1 by C, and was then selectively collected by R1, based on a spatial filtering technique.
The amplitude of the electrical signal applied to the ultrasonic transducer was adjusted until the zero-order diffracted light was made to disappear, a condition in which the electrical signal amplitude was approximately 9.6 V, and J q (ϕ) = 0; the distributions of the diffracted light in the focal plane of C were obtained with a charge-coupled-device, and are shown in Figure 3 . The experiment showed that the diffracted lights of different orders were well separated. Consequently, we could choose which diffracted light to collect by R1. Additionally, for an electrical signal amplitude of 9.6 V, the value of ϕ was 2.4.
Only zero-and first-order diffracted light was collected. The amplitude of the electrical signal exciting the transducer remained at approximately 2.4 V. The size of the PMT incident window was maintained at approximately 0.4 mm along the Y-direction. Figure 4(a) showed the waveforms of the electrical and optical signals observed with the oscilloscope. As shown, the collected light intensity varied periodically with time.
According to Eqs. (3) and (5), the collected light intensity varies along the Y-direction with a period equal to the ultrasonic wavelength in the medium. To show this spatial variation, the PMT was moved in the Y-direction; the results are shown in Figure 4(b) . We observe that the electrical signal waveform remains still, while the optical signal waveform shifts along the time axis, with both overlapping periodically. Using the double trace method, the period of spatial variation was measured and found to be of 0.854 ± 0.016 mm. At room temperature, the ultrasonic velocity is about 1480 m/s in pure water, which means that, for the 1.71 MHz ultrasound wave, the wavelength was approximately equal to 0.865 mm. Clearly, the period of spatial variation is equal to the ultrasonic wavelength within the error range. The experiment confirmed the temporal and spatial variations in the collected light intensity, which has also been observed before [15] .
The size of the PMT incident window was sequentially adjusted to 0.5, 0.7, 0.9, and 1.2 mm, and the previous experiment was repeated at each step. The same periodic overlapping was observed. Consequently, the optical diffraction of the incident window can be ignored when showing the temporal and spatial variations. Additionally, it is adequate to focus on the defined region in order to show the temporal and spatial variations.
The above experiment was then repeated, but this time collecting only first-and second-order diffracted light. The same periodic overlapping was again observed. This overlap period was again measured and was 0.856 ± 0.018 mm. The experiment confirmed the temporal and spatial variations, too. Both C and R1 were then removed, so that all orders of diffracted light would be collected, and the above experiment was repeated. The periodic overlapping was once again observed. The experiment further confirmed the temporal and spatial variations in the collected light intensity. Additionally, the optical diffraction of R1 can be ignored when showing the temporal and spatial variations. Figure 5 shows the collected light intensity signal waveform obtained at the oscilloscope; the PMT incident window size remained at approximately 0.4 mm along the Y-direction. Figure 6 shows the Fourier transform of the waveform in Figure 5 . We note that the intensity signals are mainly composed of cosine signals with angular frequencies of ω μ and 2ω μ . The experimental results therefore confirm Eq. (7). 
Discussion and Conclusion
It is well known that the optical heterodyne technique uses the coherent superposition of frequencyshifted light and a reference to produce periodical variations of light intensity at the frequency of the frequency shift. In RNd, the diffracted light is frequency-shifted at each order by different integer multiples of the ultrasonic frequency. Consequently, the coherent superposition of the diffracted light must cause the superposition intensity to vary periodically with time, and the superposition signals can be considered to be composed of a series of cosine signals whose frequencies are different multiples of the ultrasonic frequency.
We know that the superposition intensity of two beams of coherent light depends on their phase differences. In RNd, the phase of the diffracted light is a linear function of y (the origin of diffracted light in the ultrasonic field). Consequently, the coherent superposition intensity of the diffracted light varies periodically along the ultrasound beam.
In ultrasound-modulated optical tomography, the ultrasonic modulation causes the ultrasoundmodulated light intensity to vary periodically with time. The temporal variation has been considered to be due to the optical phase modulation. However, in this paper, by analyzing the ultrasonic modulation of coherent light in RNd, we find that the frequency shifts of the diffracted light can also cause the periodic variation of the ultrasound-modulated light intensity with time. Additionally, we find that the phase shifts of the diffracted light result in the periodic variation of the ultrasoundmodulated light intensity along the ultrasound beam.
